ABSTRACT Nowadays, the needs of healthcare for the elderly are growing rapidly. To provide continuous all-day medical monitoring and diagnoses at low cost, wireless body area networks (WBANs) have become a forward-looking technology since it is regarded as a potential solution for the remote collecting of physical and symptoms information. Because of its application characteristics, reliability and delay are the most important, as the energy consumption also needs to be considered. However, due to the limitation of the large propagation loss and the complicated channel conditions, the existing routing algorithms cannot completely address the above problems. To balance the node energy consumption and reduce the transmission delay, a simplified energy-balanced alternative-aware routing algorithm (SEAR) for WBANs is proposed in this paper. The residual energy and the current load of a candidate of the next hop destination are considered during the routing request forwarding procedures. The required information is exchanged during the improved routing request and routing request response procedures, and the routing cost is modified accordingly. To improve the compatibility and robustness, the added path is introduced as an alternative path in our algorithm. The simulation results show that SEAR achieves significantly higher network residual energy and network throughput, and end-to-end delay is also reduced. Therefore, the lifetime of the network is extended effectively.
I. INTRODUCTION
According to statistics from the World Health Organization, there are about 17.5 million people who die of chronic diseases every year in the world. The deaths caused by cardiovascular and cerebrovascular diseases in the world account for 30% of the global death toll. Approximately 3.5 million people die of cardiovascular and cerebrovascular diseases every year in China, and about 4 million people die of cardiovascular disease every year in Europe. There are approximately 422 million people worldwide with diabetes; this number has been growing and is expected to reach 629 million by 2045 [1] , noticed mostly in developing countries [2] - [4] . In addition, more and more elderly people pay less attention to their own physical problems, and their health problems
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are becoming increasingly prominent. It is well known that aging is one of the main causes of health problems of the elderly. Therefore, they urgently need a comprehensive and high-quality healthcare system to help the elderly to live more comfortably and independent [5] . So, people have now turned their attention to the healthcare field [6] . In order to improve this situation and provide continuous and all-weather health monitoring for the elderly [7] , [8] , wireless body area networks (WBANs) have become a promising and widely used technology. As a typical representative of human health monitoring and disease prevention in the future, it mainly uses microelectronics, wireless communications, embedded system, integrated circuits, and sensor technology.
Although WBAN is an application branch of wireless sensor networks (WSNs), there are still some differences between the two networks [9] . The scale of wireless sensor networks is usually large whether the number of nodes or the geographical range. However, WSNs can use redundant nodes so that individual robustness is usually not a priority, whereas, owing to the critical concern of the user's wearing comfort, WBANs must use a minimum number of nodes, each node can ensure high data packet transmission rate and low latency [10] . For the same reason, sensor nodes have higher requirements in terms of physical dimensions, weight, biocompatibility, and ergonomics. In contrast, as far as energy supply is concerned, since batteries in wireless sensor network nodes can usually be recharged or replaced more easily, the tradeoffs between requirements tend to be accurate, whereas WBANs have strict low power constraints [11] . In addition, WBAN applications typically require higher sensor sampling, data transmission rates, and continuous monitoring. Finally, the vast majority of WBANs adopt star network topology, while WSNs are essentially multi-hop networks. Further, WBAN communication is real-time, wireless, and short-range [12] , [13] . Biomedical sensors can be widely divided into three categories, namely, in-body, on-body, and off-body sensors [14] . In-body sensors are implanted inside the patient's body to transmit monitored data to the sink node, whereas on-body sensors are placed on the patient's body surface to monitor health data and send them to a sink node, and off-body sensors are located several centimeters away from a patient's body to obtain monitored data [15] . Finally, the monitored data are transmitted to the base station through the sink node and to the medical institution or medical staff [16] . The responsibility of a sink node is to allocate slots or channels to the monitored vital signs based on the category of data. An operation framework of WBANs with these sensors is shown in Fig. 1 . Firstly, biomedical sensors are deployed to monitor the various vital signs of a patient's body, which forward these data to a sink node [17] . Secondly, a sink node transmits these data to the base station (BS), which eventually forwards the results of the vital signs to destinations such as a computer server, doctors, or transportation facilities through dedicated internet communication links [18] - [20] . Then doctors use monitored data to determine whether a patient's vital signs are problematic and to develop appropriate treatment options. The vital signs monitored via biomedical sensors include temperature, heartbeat rate, respiratory rate, EEG, ECG, blood pressure, and glucose level [21] . Each category of vital signs is represented by a specific type of medical data, and is completely different from the other categories. Therefore, biomedical sensor data are heterogeneous and have different processing requirements from the medical team, based on the category of data. Although WBANs can effectively monitor human health, the requirements of complexity, flexibility, and changeability of the network still pose big challenges, caused by limited energy, processing power, large propagation loss, and complicated channel conditions [22] . The rest of this paper is organized as follows: Related work is summarized in Section 2. The system and channel models are introduced in Section 3, while Section 4 describes the simplified energy-balanced alternative-aware routing algorithm (SEAR) in detail. The simulation results are given in Section 5. Finally, Section 6 concludes this paper.
II. RELATED WORK
In recent years, there are numerous articles about wireless body area networks. An energy-efficient and reliable adaptive routing protocol (EERARP) in WBANs was proposed [23] . The protocol does not adopt a specific routing structure such as a spanning tree, and does not limit the relative position or link attributes (such as symmetry) of the node but calculates the external link quality of each node in the network. It is trained by the Hidden Markov Model (HMM) [24] to select the best routing path, which significantly enhances the robustness of the network and reduces the energy dissipation caused by route reconstruction and data retransmission. The simulation results show that compared with other existing predictive routing protocols, this algorithm has unique advantages in terms of packet loss rate, energy consumption, and time delay, and it effectively solves the link interruption problem caused by the change of communication link in WBANs [25] . However, the protocol does not use the remaining energy of the node as a reference point when selecting the optimal routing path. Thus, research on energy consumption control routing algorithm (ECCRA) for the wireless body area network is proposed [26] . The ECCRA adopts the nodeindependent transmission link and comprehensively considers the routing path hop count, node transmission power, and residual energy to select a path with the least energy consumption, which ultimately reduces the energy consumption of the network and prolongs the life cycle of the network. However, ECCRA does not consider the intermittent problem of the network caused by changes in body posture. Therefore, probability routing protocol (PRP) based on delay tolerance in a wireless body area network (PRP) was proposed [27] . PRP allows the nodes to communicate with each other by constructing a path with the highest probability of transmission to avoid intermittent connection states between the sensor nodes owing to frequent changes in body posture. As the above-mentioned routing protocols do not consider the channel changes in the wireless body area network, Han S et al. proposed an energy-efficient routing protocol (EERP) for wireless body area networks [28] . The EERP mainly calculates the weight of each path to judge the quality of the channel and considers the remaining energy of the node, the path energy consumption, and the node service type, which effectively saves the energy consumption of the network transmission. However, although these routing algorithms consider the energy balance or the changes of network link owing to human movement, they do not consider the two together.
Therefore, in this paper, we propose a simplified energybalanced alternative-aware routing algorithm for wireless body area networks. Compared with the above-mentioned routing algorithms, SEAR firstly uses two paths with smaller hops between the source node and the destination node for data transmission, one as the main path and one as the alternative path, Secondly, it improves the routing request forwarding mechanism by taking into account the impact of the remaining energy and load of the node. Finally, it estimates the status of the network communication link and node by adding a link field to the routing table.
III. SYSTEM AND CHANNEL MODEL A. SYSTEM MODEL
In this study, we design the system model of wireless body area networks. Our description will be similar to that in reference [29] . We deploy 17 sensor nodes on the human body surface. The specific human body model is shown in Fig. In Fig. 2 , S2 to S17 are common sensor nodes and S1 is a sink node which collects the monitored data sent by all the sensor nodes and is responsible for communicating with the Base station. Each node has a unique ID and they are nothing to do with each other. All nodes deployed on the human surface use short-distance transmission with very low power to transmit the monitored data. It is not necessary to synchronize the time between the nodes, but it is assumed that the time of each node is relatively synchronous.
B. CHANNEL MODEL
We use the surface channel model in our algorithm. The electromagnetic wave mainly propagates through the crawling wave on the human body surface, which is more susceptible to the influence of the human body and the surrounding environment, in which path loss and the shadow effect are the most prominent. In this section, we will also discuss the construction of the human body surface channel model from two aspects: path loss and shadow effect.
Most current path loss studies are based on the free space Friis equation, and a semi-empirical model for estimating path loss is obtained as [30] :
where P is the path loss at reference distance d 0 and n is the path loss exponent. When the model is used for intra-lineof-sight (LOS) transmission, n = 3. When the model is used for non-line-of-sight (NLOS) transmission, n = 7. When the model is used for free space transmission, then n = 2. It can also be seen that the attenuation caused by the human body during signal transmission cannot be ignored. In addition, Braem et al. conducted a comparative study of the above models in the LOS and NLOS scenarios, as shown in Table 1 [30] . In the table, σ represents the independent measurement of deviation of the model.
As can be seen from Table 1 , when the reference distance is the same, the path loss under NLOS transmission is much higher than that under LOS transmission. The main reason behind this is that the signals from the body surface are transmitted by the diffracted waves, and the body has a large absorption rate of electromagnetic signals.
In summary, the semi-empirical path loss model is only applicable to scenarios under far-field radiation, but not to low and medium-frequency cases [31] . In this case, the path loss model can be established as follows.
Let the transmitted and received signals be s(t) and r(t), and their power spectral densities be S s (f) and S r (f) respectively. Then, in linear systems:
where H(f) represents a transfer function and can be expressed as:
If the dB is used, the corresponding path loss of the transmission channel is:
According to (4), the path loss of the transmission channel is the root mean square of the difference between the transmitted signal and the received signal. However, in the actual test, only the amount of channel change generated by the human body is generally considered, instead of the absolute value of the transmission loss [32] . Hence, the following model is used to represent the path loss:
where PL(t) is the total path loss, PL'(t) is the actual path loss of the communication channel, G antenna is the amplification gain of the antenna, P tx (t) is the transmission power of the signal at time t or the mean of S s (f), and P rx (t) is the received power of the signal at time t or the mean of S r (f). If the signal is transmitted at a constant transmission power P tx , the path loss of the transmission channel can be equivalent to the change in received power P rx (t):
The shadow effect is mainly caused by the movement of the body's limbs, which reflect the degree of deviation between the signal's transmission power and the received power. It can be well described by a log-normal distribution. In practice, to achieve reliable communication of data, the shadow effects must be considered. At this time, the path loss of the transmission channel is represented as a random variable:
where PL s is the zero mean Gaussian random variable with standard deviation σ , i.e.,
where erfc −1 () represents the inverse of the standard cumulative error function and p is the percentage of required reliability.
IV. A DETAILED DESCRIPTION OF SEAR A. ROUTING DISCOVERY
SEAR is an active routing protocol designed to establish route discovery and route maintenance procedures [33] . SEAR first establishes the routing request phase. When the source node needs to send data, if there is no available route to the destination node in the routing table of the node, the source node sends a routing request (RREQ) to the entire network. After each intermediate node receives the RREQ of the source node, it automatically establishes the reverse route to the source node and forwards the RREQ. When the destination node receives the RREQ, it sends a routing request response (RREP) along the path to the source node to establish path. The source node chooses two paths with the smallest hops to the destination node, one as the main path and one as the secondary path. We add a relationship field to the routing table to represent the master-slave relationship between two paths. We first set R = 1 to represent the main path, then set the R = 2 to represent the secondary path, and finally we set the R = 0 to represent path failure. When the main path fails, the alternative path is used to transmit data, and the relationship of the original primary path is set to 0. When both paths fail, the two paths are deleted and the route request command is sent again. The flow chart of the routing request process is shown in Fig. 3 . By adding an alternative path and restarting routing requests when both paths fail, SEAR can reduce the impact of RREQ storms on network performance.
B. ROUTING REQUEST FORWARDING MECHANISM
Because each intermediate node always delays forwarding RREQ for a period of time to avoid the storm of routing request. SEAR considers the residual energy of the node and the current load of a candidate of the next hop destination in delay time. When the intermediate node receives RREQ information, SEAR calculates the forwarding delay time according to formula (9):
The value of t 1 represents the weighting coefficient for residual energy. When the residual energy of the node is more than 25%, t 1 = 2, and when the residual energy of the node is between 15% and 25%, t 1 = 6. When the energy is less than 15%, t 1 = 12. The value of t 2 is a weight factor for the load. A number is added to the head node of the load-to-column to represent the number of messages to be delivered in the current queue. When the number of information packets to be transmitted exceeds 25, the value of t 2 is 2. When it exceeds 25, the value of t 2 will increase by 0.1 for each additional load. Randomtime is a random number between 0 and 1. When the remaining energy of the node is lower, the value of a is larger, and as the load packet increases, the value of b also increases. Thus, the value of T is significantly increased after using this formula. Finally, the time required for the RREQ message to be delivered to the destination node increases correspondingly.
C. LINK FAILURE JUDGEMENT
Because of the variability of human body posture, the link state in wireless body area networks often changes. Therefore, we need to assess the link failure situation in time to take route maintenance measures in advance. First, we add a link field to the routing table and initialize it to zero. When a node sends data to a neighbor node and the neighbor node receives the data, the neighbor node increases the link field value by one in its own routing table. However, when a node sends data to the neighbor node, the neighbor node compares the link field value in the routing table with the Last_link field value. If two values are found to be unequal, we assume that the two nodes are in communication. If the two values are the same, we think that the link has been disconnected and the route repair process has started. SEAR uses this strategy to judge the connectivity of communication links to implement the route repair process in advance and improve the overall performance of the network. The flow chart of the link failure judgement is shown in Fig. 4 .
V. SIMULATION AND RESULT ANALYSIS
We consider putting human body in two kinds of simulation models: one is fixed model, the other is mobile model. The simulation environment is based on Ubuntu 16.04 LTS and NS2 2.35 software [34] . NS2 (Network Simulator, version 2) is an object-oriented network simulator, which is essentially a discrete event simulator developed by UC Berkeley. It has become a type of network simulation software widely used in academic circles.
A. SCENE AND PARAMETER SETTINGS
In this study, under these two different simulation models, we compare SEAR with EERP and ECCRA to test the performance of SEAR. The different and specific parameters are shown in Table 2 .
B. SIMULATION RESULTS PERFORMANCE COMPARISON 1) FIXED TOPOLOGY MODEL
In this experiment, we first compare the end-to-end delay, network residual energy and network throughput of SEAR, ECCRA and EERP in a fixed topology. The simulation result of end-to-end delay is shown in Fig. 5 . We observed that the end-to-end delay curve of SEAR was significantly lower than that of ECCRA and EERP with the increase of simulation time. This is because when the primary path fails, SEAR can use an alternative path to transmit data to reduce the delay of data transmission, and then it avoids local congestion and reduces the queue delay of each VOLUME 7, 2019 packet in the node cache queue. Moreover, because of the link failure judgement process, SEAR performs link repair ahead of time, which reduces the waiting time of data transmission. In conclusion, compared with the other two routing algorithms, SEAR effectively reduces end-to-end delay during data transmission.
Due to the limitation of sensor volume, the battery capacity of biomedical sensor is limited, so how to reduce energy consumption has become one of the hot topics of many scholars. The comparison of residual energy between different routing algorithms is shown in Fig. 6 . As can be seen from the figure, when the simulation time is 0-10 seconds, the source node broadcasts a RREQ in the network to establish two shortest paths, so the energy consumption is faster. As the network tends to be stable, the energy consumption in the network tends to be flat. Compared with other two routing algorithms, SEAR has more network residual energy. Because when the main path fails, SEAR uses the alternate path for data transmission, thereby reducing the energy consumption of restarting routing requests. ECCRA and EERP take the residual energy of nodes into account in their respective algorithms, but when the main path fails, they do not use alternative paths to continue data transmission. For WBAN, SEAR has more redundant residual energy than ECCRA and EERP. Therefore, SEAR can easily control and reduce energy consumption in the network. Because the total energy of sensor nodes in wireless body area network is limited, SEAR is more suitable than the other two routing algorithms. Fig. 7 shows the network throughput of different routing methods in a fixed topology model. It is clear from the graph that SEAR has the best network throughput performance compared with ECCRA and EERP. The reason behind SEAR's high performance is that it improves the routing request forwarding mechanism to avoid premature death caused by overload of intermediate nodes. Furthermore, SEAR adds an alternative path to avoid the failure of the main path, thereby increasing the data forwarding capability of the intermediate node. However, EERP has better network throughput performance than ECCRA because it makes full use of the nodes leaving the network. These nodes only provide data forwarding services. Therefore, many data packets are forwarded in the network. From Fig. 7 , we can also find that the throughput of the network decreases gradually because of the energy exhaustion of the nodes and the data congestion of the network as the simulation time increases.
By comparing the end-to-end delay of packet transmission, network residual energy, and network throughput of different routing algorithms in the fixed topology model, we conclude that SEAR performs well in terms of residual energy of the network, network throughput, and end-to-end delay in the fixed topology model compared to ECCRA and EERP.
2) MOBILE TOPOLOGY MODEL
Because the human posture in wireless body area networks is changing constantly, it is necessary to compare the performance of these performance parameters under various conditions of human motion, such as end-to-end delay, energy consumption and network throughput. Therefore, we first test the performance of each parameter under different routing algorithms. Secondly, we compare the test parameters in the mobile topology model with those in the fixed topology model. Finally, we compare the performance differences between different routing algorithms and draw effective conclusions. Fig. 8 shows end-to-end delay comparison of the different routing algorithms using a mobile topology model. It is obvious from the graph that SEAR has the best performance compared with other routing schemes. With the increase of simulation time, the end-to-end delay of SEAR, ECCRA and EERP increases, but the end-to-end delay of SEAR is significantly lower than EERP and ECCRA. We compare the end-to-end delay in the mobile topology model with that in the fixed topology model. The end-to-end delay of the three routing algorithms increases correspondingly because of the change of human body posture and the communication failure of the links in the network, which results in the increase of data transmission delay. However, we observed that SEAR still has lower latency performance, and the gap between them is larger than that between the other two routing algorithms under the fixed model. The reason behind the poor performance of ECCRA and EERP is that they do not consider the high and mobile path changes of the biomedical sensor nodes. When the human body continues to move, the biomedical sensor on the body surface may be disconnected from the entire communication network, or the sensor on a certain path may be fail, causing the interruption of the communication link. In this case, the route discovery process has to be re-initiated. However, SEAR considers the link changes in the mobile model and reduces their impact through link failure judgment. Therefore, we conclude that SEAR effectively reduces end-to-end delay of data transmission in the network, whether in the fixed or mobile topology models. Fig. 9 compares the residual energy of the different routing algorithms in the mobile topology model. It is apparent that the energy consumption of SEAR for WBANs decreases slowly compared with ECCRA and EERP. It can be seen from the graph that the residual energy in the network decreases rapidly in the simulation time of 0-10 seconds. This is because of the variability of human posture and the frequent changes of node location, the links in the network are prone to failure and have to initiate routing repair and rebuild paths. Later, as the human body slowly becomes stationary, the energy consumption in the network is relatively flat.
We compare the residual energy parameters of the three routing algorithms in the fixed and mobile topology models, and conclude that there is lower residual energy in the mobile topology model. At the same time, we also observe that SEAR still has the largest residual energy whether using the fixed topology model or the mobile topology model. ECCRA and EERP routing algorithms have the same reason for their poor performance. When links are interrupted or nodes are lost in the network, they do not have a backup path to transmit data, so they have to relaunch the routing discovery process to increase network overhead. However, SEAR adds alternative path and link fault detection mechanisms to address the increase in energy consumption caused by human state changes. Compared with ECCRA and EER, SEAR has more residual energy. Therefore, SEAR has better energy performance than ECCRA and EERP, while effectively reducing energy consumption in the network and improving the stability of the whole network. Because the total energy of sensor nodes is limited in wireless body area network, it is obvious that SEAR is more advantageous than ECCRA and EERP in wireless body area network whether using the fixed topology model or the mobile topology model.
The throughput comparison of different routing methods in the mobile topology model is shown in Fig. 10 . From the graph, we can clearly conclude that SEAR has higher performance than other routing schemes. And we also compare the performance of network throughput of three different routing algorithms under fixed topology model. We find that SEAR has better performance in both mobile and static models. SEAR has the highest throughput and the performance of EERP is better than ECCRA. However, with the increase of simulation time, network throughput shows a downward trend. More importantly, in the mobile model, network throughput of the three routing algorithms decreases more. The reason behind the poor performance of ECCRA and EERP routing algorithms is that they do not consider the mobile link changes of biomedical sensor nodes on the body surface. EERP shows higher throughput than ECCRA because it can adequately protect the nodes that are about to quit the network. They do not collect human physiological parameters, but only provide data forwarding services. Therefore, we conclude that SEAR has better network throughput performance than ECCRA and EERP under the mobile model and static model. This is because SEAR improves the routing VOLUME 7, 2019 request forwarding mechanism to avoid the premature death of intermediate nodes due to excessive load and increases the data transmission capability.
VI. CONCLUSIONS
In this paper, we proposed SEAR to deal with the harsh environmental conditions of wireless body area networks. In the routing request process, the source node chooses two paths with the smallest hops, one as the main path and one as the alternative path. Therefore, when the link is disconnected or the human body posture changes, the source node sends data directly through the alternative path without requiring the source node to re-initiate the routing request process, thus reducing the data transmission delay and network overhead. In addition, SEAR considers the residual energy of the node and the current load of the next hop destination in the forwarding delay time. By balancing the load and the residual energy of the node, the intermediate node can be selected more reasonably to forward data. At the same time, SEAR fixes links faster by adding link fields to routing tables to determine whether links are disconnected or nodes are invalid. The simulation results show that SEAR can not only reduce end-to-end delay and energy consumption, but also improve network throughput. Therefore, SEAR can improve routing performance, network balance and stability. Our further work will focus on two aspects of the problem. One is to improve the routing algorithm to test the performance more accurately and apply it to practical application. The other is to consider the effect of temperature of biomedical sensors on human skin.
